The surface region of the aluminum foams (trade name ALPORAS) was modified through the friction stir processing (FSP) which was performed by using friction phenomena with a high-speed rotating tool. The tool was rotated at speeds ranging from 820 to 2400 rpm, and plunged from the top surface of the aluminum foam, and then traversed at speeds ranging from 50 to 300 mm/min. The surface-modified zone (SMZ) had considerably smoother surface in comparison to the unprocessed zone (UZ). Especially for 1390 rpm and 150 mm/min, the smoothest surface was obtained, which was attributed to the smaller amount of pores in the SMZ. In addition, a very dense layer was formed near the surface of the SMZ through the localized collapse and densification of the cell structure near the surface region, which was attributed to the friction phenomena with the high-speed rotating tool. The mechanical properties of the aluminum foams were significantly improved through the FSP. Especially for 1390 rpm and 150 mm/min, the SMZ exhibited the highest average maximum indentation strength and energy absorption ability, which were equivalent to about 2.2 times the values of the UZ. The tool rotation speed and the tool traverse speed were very important parameters not only in controlling the surface morphology, but also in improving the mechanical properties of the aluminum foams. The FSP was a very effective technology for the remarkable improvement in the mechanical properties through the cell structure control of the surface region of the aluminum foams, without any dense skin materials.
Introduction
In the recent past, there has been a remarkable increase in research on porous metals with extremely low relative densities which are attributed to their cellular structure with a great number of pores. [1] [2] [3] [4] [5] [6] [7] This is because these materials exhibit a variety of beneficial properties, such as low weight, high energy-absorbing capability and good acoustic damping capacity. In addition, in comparison with polymer foams, they have excellent recycling efficiency, high specific stiffness, good thermal conductivity and high melting point. Many previous researches have been carried out on development and establishment of manufacturing processes in order to produce the porous metals with consistent properties, [8] [9] [10] [11] [12] [13] and also on investigation of their various characteristics for high degree of freedom in engineering design. [14] [15] [16] [17] [18] These efforts have generated a more diversified range of useful and cost-effective manufacturing technologies, with enhancing a fundamental understanding of the porous metals. Although there are several problems to be solved for their practical applications, the porous metals are potential materials for further improvement in the various characteristics through control of the cell structure and the cell wall material, as can be expected from cell structures in nature. That is, nature also creates and uses the cell structures, e.g. bones, plants, etc. In general, however, they are more complex and more inhomogeneous than man-made ones. Namely, many natural cell structures have porosity and/or pore size gradients or dense structured layer near the surface for constructional and/or functional purposes. This fact suggests that the porous metals with suitably controlled inhomogeneous structures are required to effectively capitalize on their beneficial properties in various industrial applications. The processing technologies should, hence, also be developed and established in connection with surface morphology control, porosity and/or cell size distribution control, mechanical properties improvement, etc.
In this context, we focused our attention on the fact that porous metals can be surface-modified by the well-known friction stir processing (FSP), 19, 20) as shown in Fig. 1 . In this process, a high-speed rotating tool is plunged to a designed depth from the top surface of a fixed porous metal, and then traversed horizontally to the top surface. At this time, heat is generated by the friction between the rotating tool and the porous metal. This heat induces the decrease in the deformation resistance of the cell wall material with increasing in its temperature. The softened cell wall is plastically deformed near the surface region by the rotating tool. And then, the surface-modified zone (SMZ) is formed near the surface region of the porous metal by the local collapse and densification of the cell structure. Through this process, the mechanical properties of the porous metals are enhanced by controlling the surface region structure, e.g. surface morphology, porosity distribution, cell morphology, etc.
In this study, the surface region of aluminum foams was modified by the FSP. And then, the influences of the tool rotation speed and the tool traverse speed on surface morphology, cell structure and mechanical properties of the friction-stir-processed (FSPed) aluminum foams were experimentally investigated.
Experimental Procedure
A commercially available aluminum foam (trade name ALPORAS, Shinko Wire, Japan) with closed pores was used as the starting material in this study. ALPORAS is produced by adding calcium and titanium hydride (TiH 2 ) powders to molten aluminum. The calcium acts to increase the viscosity of the melt. The bubbles are formed by gaseous hydrogen, which is sourced from the titanium hydride. Further details on the various characteristics, cell structures, manufacturing processes, and on the suppliers of these foams are given by Miyoshi et al. 21) The dimensions of the foam were 100 mm long Â 50 mm wide Â 30 mm thick, as shown in Fig. 1 . A flat-bottomed circular cylindrical tool was made of quenchhardened SKD 61 (JIS), and its diameter was equal to 15 mm. The tool was rotated in the clockwise direction at speeds ranging from 820 to 2400 rpm, and plunged to a depth of 2.6 mm from the top surface of the aluminum foam, and then traversed at speeds ranging from 50 to 300 mm/min to the length direction (X-axis direction). At this time, the tool rotation axis (Z-axis) was tilted by 10 degrees to the tool traverse direction (X-axis direction). All experiments were carried out at room temperature.
For cell structure observations, the unprocessed and FSPed aluminum foams were cross-sectioned with the aid of electric discharge machining in order to minimize any possible machining damage. The FSPed aluminum foam was crosssectioned perpendicularly to the tool traverse direction. And then, the cross-sections were mechanically polished before examining the cell structures. Axisymmetric indentation tests were performed by using a steel ball with a diameter of 10 mm. The steel ball was indented to a depth of about 5 mm into the aluminum foam from the top surface at a constant speed of 1.0 mm/min. At least three tests were conducted for each aluminum foam surface-modified under the above mentioned conditions. Figure 2 shows the optical macrograph showing a typical cell structure of the aluminum foam which was used the starting materials in this study. The aluminum foam had the porosity of 91%, and the apparent density of about 0.24 g/ cm 3 which was equal to the relative density of about 8.9%. A great number of closed pores were ranged from about 1 to 4 mm in diameter, which were nearly equivalent to the relative frequency of about 70%. The average pore diameter was equal to about 2.4 mm. The cell wall thickness was mainly distributed in the range of 100 to 250 mm, which the average value corresponded approximately to 190 mm. Figure 3 shows the surface appearances of the aluminum foams surface-modified at the tool rotation speeds of (a) 820, (b) 1390, and (c) 2400 rpm under the constant tool traverse speed of 150 mm/min. The unprocessed zone (UZ) represents the cell and surface structures of the starting material. In contrast, a new surface structure was formed in the FSPed aluminum foams for all the tool rotation speeds during the FSP, which was labeled SMZ and had the appearance of shiny metallic luster. Namely, the surface of the SMZ was considerably smoother than that of the UZ, although traces of the cell structure were slightly observed in the SMZ. Especially for 1390 rpm, the smoothest surface was obtained, which was attributed to the smaller amount of pores in the SMZ. This result shows that the rotation speed is a very important parameter for controlling in the surface morphology of the porous metals through the FSP. Figure 4 shows the surface appearances of the aluminum foams surface-modified at the tool traverse speeds of (a) 50 and (b) 300 mm/min under the constant tool rotation speed of 1390 rpm. Note the case of 150 mm/min was showed in Fig. 2(b) . Also in these cases, a new surface structure with a shiny metallic luster was formed during the FSP as well as the above-mentioned cases. Especially for 150 mm/min, as shown in Fig. 2(a) , the smoothest surface was obtained. This result suggests that there is some optimum tool traverse speed to obtain porous metals with a smooth surface for the FSP.
Results and Discussion
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These experimental results demonstrate that the FSP is one of the effective technologies for the surface morphology control of the porous metals, and the tool rotation speed and the tool traverse speed are very important parameters in this process. Figure 5 shows a typical optical macrograph of the crosssections perpendicular to the tool traverse direction (X-axis direction) of the FSPed aluminum foams. The surface region of the UZ was composed of the open pores, although the closed pores were observed in the inner region. In contrast, a very dense layer was formed near the surface of the SMZ. From this result, it can be known that some cell wall material was plastically deformed near the surface region by the highspeed rotating tool during the FSP. The buckling of the cell wall was observed beneath the dense surface layer of the SMZ. These results show that the SMZ was formed by the localized collapse and densification of the cell structure near the surface region, which was attributed to friction phenomena with the rotating tool. In addition, these results demonstrate that the FSP is a very effective technology in forming the dense layer near the surface of the porous metals, without any dense skin materials. Figure 6 (a) shows the load-displacement profiles during the indentation test of (1) the UZ (i.e., starting material), and the SMZs of the aluminum foams which were produced at the tool rotation speeds of (2) 820, (3) 1390 and (4) 2400 rpm under the constant tool traverse speed of 150 mm/min. And then, Fig. 6(b) shows the indentation load-displacement curves of the SMZs of the aluminum foams which were produced at the tool traverse speeds of (5) 50 and (6) 300 mm/min under the constant tool rotation speed of 1390 rpm. In all cases, the indentation load-displacement curves were qualitatively similar tendency. Namely, the indentation load was gradually increased with the increase in the displacement until reaching to the plateau region, without the remarkable yield phenomena. Figure 7 shows the influences of (a) the tool rotation speed and (b) the tool traverse speed on the maximum indentation load of the SMZ of the aluminum foams which were produced at the constant tool traverse speed of 150 mm/min and tool rotation speed of 1390 rpm, respectively. The maximum indentation load means the peak load in each load-displacement curve. In all cases, the SMZ exhibited higher average indentation strength than the UZ, i.e. starting material, although there was not a remarkable tendency for the variation of the tool rotation speed and the tool traverse speed. However, it is noteworthy that, for 1390 rpm and 150 mm/min, the highest average indentation strength was obtained in this study, which was about 2.2 times the value of the UZ. This result suggests that there is some optimum tool rotation speed and tool traverse speed to obtain porous metals with the highest indentation strength through the FSP. Figure 8 shows the influences of (a) the tool rotation speed and (b) the tool traverse speed on the energy absorption ability of the SMZ of the aluminum foams which were produced at the constant tool traverse speed of 150 mm/min and tool rotation speed of 1390 rpm, respectively. The energy absorption ability was calculated by integrating each loaddisplacement curve. There was not a noticeable trend for the change of the tool rotation speed and the tool traverse speed. In all cases, however, the SMZ exhibited higher average energy absorption ability than the UZ, i.e. starting material. Especially for 1390 rpm and 150 mm/min, the SMZ exhib- Fig. 6 Indentation Load-displacement curves of (1) the unprocessed zone (i.e., starting material), and the surface-modified zones of the aluminum foams produced at the tool rotation speeds of (2) 820, (3) 1390 and (4) 2400 rpm under the constant tool traverse speed of 150 mm/min, and at the tool traverse speeds of (5) 50 and (6) 300 mm/min under the constant tool rotation speed of 1390 rpm, respectively. ited the highest average energy absorption ability in this study, which was equivalent to about 2.2 times the value of the UZ. This result demonstrates that there is some optimum tool rotation speed and tool traverse speed to obtain porous metals with the most excellent energy absorption ability through the FSP. It is noteworthy that the smoothest surface was also obtained for 1390 rpm and 150 mm/min, as shown in Fig. 3(b) . This result shows that the tool rotation speed and the tool traverse speed are very important parameters not only in controlling the surface morphology but also in improving the mechanical properties of the porous metals. In addition, from the above-mentioned results, it was clarified that the FSP is a very effective technology for the remarkable improvement in the mechanical properties through the cell structure control of the surface region of the porous metals, without any dense skin materials.
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Conclusions
In this study, the surface region of the aluminum foams was modified by the FSP. And then, the influences of the tool rotation speed and the tool traverse speed on the surface morphology, the cell structure and the mechanical properties of the FSPed aluminum foams were experimentally investigated. The following results were obtained.
(1) The surface of the SMZ was considerably smoother than that of the UZ. Especially for 1390 rpm and 150 mm/min, the smoothest surface was obtained, which was attributed to the smaller amount of pores in the SMZ. (2) A very dense layer was formed near the surface of the SMZ through the localized collapse and densification of the cell structure in the surface region, which was attributed to friction phenomena with the high-speed rotating tool. (3) The mechanical properties of the aluminum foams were significantly improved through the FSP. Especially for 1390 rpm and 150 mm/min, the SMZ exhibited the highest average maximum indentation strength and energy absorption ability in this study, which were equivalent to about 2.2 times the values of the UZ. (4) In the FSP, the tool rotation speed and the tool traverse speed are very important parameters not only in controlling the surface morphology but also in improving the mechanical properties of the aluminum foams. (5) The FSP was a very effective technology for the remarkable improvement in the mechanical properties through the cell structure control of the surface region of the aluminum foams, without any dense skin materials.
